Introduction
Vibration can be considered as an undesired phenomenon in mechanical mechanisms as far as it decreases lifetime of the machine, limits its performance, influences other machines in the neighborhood or induces high level of noise. There are some application areas where the latter reason is referred to as the crucial one. All the measures which must be undertaken in those circumstances focus on either identifying and removing the excitation sources or minimizing harmful results of vibration. When it is not possible to change construction of vibrating mechanism and sources of vibration are beyond control the efficient way to improve machine dynamic behavior parameters is to enhance damping properties of the mechanical system. This approach can be realized as active or passive damping. Active damping methods include application of specially designed and adaptively controlled actuators which counteract the vibration motion and use springs of variable rigidity coefficient, viscous dampers with actively controlled internal flow, dampers with non-newton fluids etc. Those solutions are very efficient when well-tuned but expensive and difficult to be inserted into the existing design. That is why passive ways of vibration damping are the most often applied applications.
To solve the noise and vibration problems and identify the dynamic properties of the mechanical systems new research methods both theoretical and experimental must be applied. In the past three decades, modal analysis has become a major technology in the quest for determining, improving and optimizing dynamic characteristics of engineering structures [6, 8, 12] . It has been successfully applied to solve structural dynamic problems in mechanical [5, 7, 9, 15, 16] and aeronautical [14] engineering. Recently modal analysis has also found its broad applications for civil and building [11] structures, biomechanical and harvest [3] problems, space structures, electrics and electronics [2] acoustical instruments [1] , transportation [10] and nuclear plants.
The origin of presented research is the technical problem of the curtain lifting mechanism making too much noise to be applied in a theatre. The mechanisms of scenography changing must work smoothly and quietly during a play otherwise they attract the spectators' attention spoiling the art effect. sciENcE aNd tEchNology
The object of research
The whole mechanism of a scenography lift consists of an electrical motor combined with a reducing gear box, the cylinder unit with bearings supported in the frame of the machine. The cylinder unit is a welded construction of the shaft, two flanges and the cylinder. The cylinder of 1000 mm long is supported on two flanges which connect it to the main shaft of ca. 1400 mm long. The elements are mutually located by means of the shapes tolerated as normal running fit. The parts of the unit are connected with standard filled welds. The original construction of the cylinder unit is presented in Fig.1 .
On the external surface of the cylinder there is an u-groove distributed helicoidally which is designed to guide a rope winding on the cylinder. The whole construction is made of structural steel. The cylindrical surfaces for bearings are ground to obtain required tolerances. The whole unit mass is ca. 160 kg.
The construction presented in Fig.1 is optimal from the strength point of view. However, the hollow region inside the cylinder makes the unit susceptible to dynamic excitation because the cylinder is supported only on both sides without any support along its generating line. That is the reason why the cylinder is prone to vibrating with high amplitude rates which makes loud noise.
Problem definition and proposed solution
The analysis of the lifting mechanism and the preliminary experimental noise tests showed the source of the highest sound intensity not around the motor and gear but in the middle of the winding cylinder. It proved that the reason of the noise and vibration is an instability of the mechanical system of the cylinder unit of the machine. That fact had to be verified by thorough theoretical and experimental investigation.
The solution of the vibration minimizing problem had to be easy-applicable and inexpensive because the production of the lifting mechanisms should remain competitive. The solution which was chosen was a passive way of vibration damping by inserting additional material of high damping properties into the existing structure. The large region inside the cylinder seemed to be the best space to insert vibration damping material. It needed creating some inlet hole through which the material should be inserted. The other limitation was the density of the material. The overall mass of the lifting mechanism should not be increased too much because all the construction assumptions and solutions could not be altered. Additionally, the applied material should be incombustible. Considering all those limitations and assumptions the PUR foam of low-expansibility was chosen for further research. That material is of low density (ca. 20kg/m 3 after curing) and very good adhesion properties. Its low-expansibility makes that material structure very advantageous for vibration damping because it has small void spaces after curing.
The proposed solution needs to be investigated numerically and experimentally in order to evaluate the influence of the additional material of PUR foam on the dynamic properties of the whole cylinder unit.
Theoretical and experimental modal analysis
Modal analysis is the process of determining the inherent dynamic characteristics of a system in forms of natural frequencies, damping factors and mode shapes, and using them to formulate a mathematical model for its dynamic behavior. The formulated mathematical model is referred to as the modal model of the system and the information for the characteristics are known as its modal data [6] . The system must meet several requirements in order to apply the modal analysis method for its examination i.e. it has to be linear, time-invariant and observable and it must obey the Maxwell's reciprocity theorem. These basic prerequisites must be checked and fulfilled prior performing modal analysis test of the system. The modal analysis (MA) can be performed as theoretical, experimental or operational modal analysis. Theoretical MA usually applies Finite Element Method (FEM) to solve dynamic problems of the analyzed structure. The procedures of solving the MA problem are usually implemented in the 3D CAD software systems, which is very convenient because the analyses are performed in the same graphic environment as the design process.
The experimental modal analysis comprises deriving the dynamic properties of analyzed structure by means of experimentally obtained characteristics of input signal -excitation force and corresponding characteristics of vibration response signal of the system (acceleration, velocity or position). The modal identification test is subjected to the prerequisites of the modal analysis method. It returns information in the form which can be applied for further evaluation process in order to achieve the required information on the dynamic properties of the analyzed system. The information can be also applied in the model of the machine when the mathematical form of the obtained characteristics is properly defined. Additionally, the mathematical form of that definition must comply with the actual form of the whole model of analyzed system.
Modal analysis can be considered as transformation of a complex dynamic system into a set of single-degree-of-freedom systems [4, 6] . If the aim of research is to determine frequency of free vibrations of the system, modal analysis can be limited to simple identification modal test for deriving frequency response function (FRF) of the system. FRF is a transfer function and is expressed in frequency domain.
For the linear system (Fig. 2 ) the following formula can be expressed -Eq. (1):
The transfer function H(ω) is the complex function which is formulated as follows -Eq. (2): The FRF reflects dynamic properties of the investigated system. It represents relation between the response of the system (e.g. position, velocity, acceleration) and input force for the certain pair of measurement points of response and excitation. The important feature of the frequency response function is the fact, that it describes dynamic properties of the investigated system regardless the type of excitation signal (harmonic, impulse or random) during measurements. The FRF provides qualitative and quantitative evaluation of the dynamic system resonance of the machine tool [13] .
The experimental modal analysis procedure can be performed by single input-single output (SISO) method, single input -multiple outputs (SIMO) or multiple inputs -multiple outputs (MIMO). These methods differ not only in the measurement equipment requirements but also in the required aim of the research and the accuracy of the analysis results.
SISO method is used mainly when only two-channel data acquisition measurement system is available and the resultant FRF can be limited to several point of measurement. It is usually applied when impact hammer test is performed (force input signal and acceleration output signal). The method can be applied as roving hammer (fixed accelerometer) or fixed hammer (roving accelerometer) procedure. In practice the roving hammer procedure is much more convenient because it does not require reinstalling the accelerometer from one point of measurement to another as it is in the fixed hammer procedure. The problems arise with normalizing input signal for every measurement point. Therefore averaging procedure must be introduced.
SIMO method enables application of the harmonic exciter as in input signal generator for simultaneous exciting many points of response measurement. It requires multi-channel data acquisition system and gives more accurate results than SISO method, because the same excitation signal is used for all analyzed response points while performing modal analysis.
MIMO is more hardware-requiring method but it returns much thorough information of the analyzed system than SISO or SIMO method. It is usually applied when the multi-channel data acquisition system is available. The selected input points can be excited with different force characteristics in order to enhance accuracy and efficiency of the modal analysis.
In the further analysis the SISO method was applied because of the limitations of the measurement system which was used.
Research method
The theoretical modal analysis was performed in order to obtain modal shapes and their frequencies of the cylinder unit. The 3D CAD software applied in that study is Autodesk Inventor 2015 Professional. In that system the 3D model of all the parts and welded assembly were created. In order to perform the analysis efficiently some simplifications of the analyzed model were applied. They comprised excluding small holes on the surface of the cylinder and the helicoidal groove. The simplifications were applied in order to speed-up the analysis. In the case of small elements modelling the finite elements dimension must be lower and it increases the number of elements, knots and equations to be solved. The simplifications introduced in the model change the dynamic properties of the whole system slightly but not significantly. The elements materials properties were assigned from the Inventor library according to the construction documentation. Subsequently, the boundary conditions of the analysis were defined.
The theoretical modal analysis requires indicating the support of analyzed construction. For the numerical analysis the cylindrical surfaces of bearing contact were defined as fixed support. The assembly analysis requires definition of contacts among the elements of construction. The default contact type is bonded contact of the surfaces which are closer to each other than tolerance of 0.01mm. Considering the real way of connecting elements within the construction the bonded contacts were only applied between every weld and welded element. The other automatically created contacts were discarded in analysis. That method of contact definition reflected the real way of elements connection. The finite elements net was created with default settings (tetrahedrons) of the analytical program.
The experimental modal analysis was performed in order to obtain modal shapes, their frequencies and evaluate magnitude rates of the frequency response functions in the resonances of the cylinder unit structure. The impulse excitation was exerted by means of a modal hammer. The response was measured with an accelerometer. The signals both from the hammer and the accelerometer were acquired and analyzed in the PULSE system. The PULSE LITE system [17] by Brüel&Kjaer consists of the measurement module 3560L, the FFT analysis software, the accelerometer 4514 [18] and the modal hammer 8206-003 [19] .
The points of input (excitation) and response (acceleration) measurement were chosen on the cylinder and the shaft in one plane because the whole construction is axially symmetrical. The accelerometer was placed in the middle of the cylinder length for in that point one can expect the highest rates of vibration amplitude. The sensor was mounted on the cylinder with the bee wax, which is reported to as one of the best way of connecting the accelerometer to the measured surface [13] .
In the case of noise in the output signal the H1 estimator of FRF [13] is applied the value of which approaches the real FRF with the growing number of measurement repetitions. The H1 estimator is equal to the cross spectrum, between the response and force, divided by the autospectrum of the force. The H1 estimator minimizes the output noise effect. That is why 3 repetitions of every measurement were applied in the experimental test procedure.
Results of research
Numerical simulations were performed in the Simulation module of Autodesk Inventor 2015 Professional system. Firstly, the original welded construction of the cylinder unit was examined (Fig.1) . The first 20 modes of the hollow unit were investigated. The results obtained in simulation are presented in Table 1 .
The modes obtained in numerical simulation are multiplied because analytical software recognizes modes of the same shape distributed in different planes of symmetry. Therefore modes No 3 and 4 are the same modes in two perpendicular planes respectively. The same situation is in the case of the following pairs: 5 and 6, 7 and 8, 9 and 10 etc. From the noise point of view the modes presented in the figures 3, 4 and 5 are of particular interest. These mode shapes can be strong sources of noise. The other shapes refer to the shaft modes which vibrates inside the cylinder.
The legend on the side of graph shows the displacements of the analyzed elements deformed during vibration of certain mode and frequency but it should be noted that these values are introduced into simulation only for comparing purposes. They do not represent real deflections of the elements but reflect damping capabilities of the mechanical system when comparing one boundary situation or construction to another. Having performed simulations of the original cylinder unit the modification of its constructions was created. The inside of the cylinder element was filled with material of PUR foam (Fig. 6) . The material was supposed to be inserted by a hole of about 20mm diameter in one flange of the unit. The hole was not modelled in analytical software because it is insignificant for simulation results.
To perform simulation the model of the PUR foam material had to be introduced into Autodesk Inventor Material Library. The parameters of the PUR foam material were obtained from the producer sources and implemented into the Library. Due to the fact that the PUR foam sticks to the metal surfaces strongly the contacts of the material with the steel elements of the unit were taken into consideration and modelled as bonded contacts.
The results obtained with the same boundary conditions are presented in Table 2 .
The frequencies for the corresponding modes of the filled cylinder unit are slightly higher than those of the hollow unit. It is a result of adding lightweight material of considerable stiffness. The modes presented in Fig. 7, 8 and 9 are similar to the corresponding modes of the hollow unit shown in Fig. 3, 4 and 5.
Analyzing the maximum deflection values (the legend in Fig. 3, 4 , 5, 7, 8 and 9) it can be noted that for the presented modes the rate of deflection for modified construction of the cylinder unit is lower than for hollow cylinder unit.
The numerical modal analysis gave promising results which indicate that it is possible to obtain good results in reality. It is experimental modal analysis which can fully justify the modification of the construction and support the thesis of achieving significantly higher rates of structural damping by applying PUR foam filling of the hollow regions of the construction which will solve the problem of too much noise of the cylinder unit.
Experimental modal analysis was performed on the test rig presented in Fig.10 . The cylinder unit was supported in two holders in the places where the unit is normally supported in the whole construction of the lift. The way of supporting was not the same as in target construction because not the whole cylindrical surfaces are fixed. Nevertheless the mass of the whole unit is so high that it should influence obtained results insignificantly.
The response accelerometer was placed in the middle of the cylinder generating line. The hammer impact points were distributed evenly along the generating line symmetrically on both sides of the cylinder in one plane. The measurement points distribution is presented in Fig. 11 . The impact points are indicated with black hammer symbols, the supporting points are indicated with arrows and the response accelerometer is placed in point number 15.
The hollow cylinder unit was analyzed modally three times. All the attempts gave similar results of the structural vibration properties of the cylinder unit system. The analysis showed that there are three main modes which are dominant for the whole unit construction. The magnitude of FRF H1 estimate for the point situated opposite the response accelerometer for the hollow cylinder unit is presented in Fig. 12 .
The resultant frequencies and H1 magnitudes of three main modes are as follows:
The The graphical form of the modes are presented in Fig. 13, 14 and 15 . After filling the cylinder with PUR foam and curing time of one day the analysis was performed again in the same arrangements of impact and response points.
The magnitude of FRF H1 estimate for the point situated opposite the response accelerometer is presented in Fig. 16 The results of magnitude of FRF H1 of the hollow and filled cylinder unit are presented in Fig. 20 .
The procedure of experimental modal analysis was repeated on the next day, after two days of foam curing. The results which were obtained after two days of curing fully correspond to those after one day, which proved that curing time of one day is sufficient to obtain result of structural damping properties enhancement.
The results (Fig. 20) show that the filled cylinder unit vibrates less intensively than it can be noted in the case of the hollow cylinder unit. During experimental part of the research it could be heard by ear that 
Conclusions
The results obtained in numerical and experimental modal analysis showed that filling the cylinder with PUR foam of low-expansibility appeared to be very efficient solution for noise and vibration problem of the cylinder unit of lift mechanism. The method of PUR foam application seems to be very easy to perform and low-cost soundproofing method.
Both numerical and experimental modal analysis procedures applied in that case fully supported the thesis of the enhancing the construction damping capabilities by inserting the material of PUR foam of low-expansibility into the hollow regions of resonant structure. The results of the research are of great value for the cylinder manufacturer making his product competitive and high-quality with only a slight additional workload and cost.
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